Introduction {#j_tnsci-2018-0029_s_001}
============

The *WWOX* gene (WW domain-containing oxidoreductase\[MIM 605131\]) is a tumor suppressor gene that have been associated with several types of cancer such as breast, hepatic, lung, prostate, ovarian, colon, gastric, and esophageal carcinomas \[[@j_tnsci-2018-0029_ref_001], [@j_tnsci-2018-0029_ref_002], [@j_tnsci-2018-0029_ref_003], [@j_tnsci-2018-0029_ref_004], [@j_tnsci-2018-0029_ref_005], [@j_tnsci-2018-0029_ref_006], [@j_tnsci-2018-0029_ref_007], [@j_tnsci-2018-0029_ref_008], [@j_tnsci-2018-0029_ref_009]\]. The *WWOX* gene is located on chromosome 16q23 and encodes 414 amino acids protein (46 kDa), which contains two N-terminal WW domains that has highly conserved proline and tryptophan residues responsible of mediating protein-protein interactions, a short chain of dehydrogenase reductase domain at the C-terminal, and a nuclear localization sequence \[[@j_tnsci-2018-0029_ref_002], [@j_tnsci-2018-0029_ref_010], [@j_tnsci-2018-0029_ref_011]\]. When cells are exposed to apoptotic stresses, WWOX is up-regulated and activated by pY33 phosphorylation via Tyrosine Kinase Src \[[@j_tnsci-2018-0029_ref_012], [@j_tnsci-2018-0029_ref_013]\]. The pY33-WWOX act as cancer suppressor by inhibiting tumor growth and supporting normal cell physiology \[[@j_tnsci-2018-0029_ref_014]\]. On the other hand, phosphorylation of Ser14 in the WWOX protein is necessary for T cell maturation \[[@j_tnsci-2018-0029_ref_015]\]. However, WWOX lose the tumor suppression function when Ser14 is phosphorylated and involved in cancer progression, but when mouse model of melanoma is treated with Zfra (a WWOX inhibitor) the cancer cell growth and metastasis is blocked \[[@j_tnsci-2018-0029_ref_016], [@j_tnsci-2018-0029_ref_017]\].

Recently, several studies indicated an important role of *WWOX* in neuronal development, function, and diseases \[[@j_tnsci-2018-0029_ref_018], [@j_tnsci-2018-0029_ref_019], [@j_tnsci-2018-0029_ref_020], [@j_tnsci-2018-0029_ref_021]\]. Gribaa and colleagues, identified two *WWOX* homozygous mutations in highly conserved residues p.Pro47Thr and p.Gly372Arg in two consanguineous Saudi family resulting in autosomal recessive cerebellar ataxia with epilepsy and mental retardation \[[@j_tnsci-2018-0029_ref_022], [@j_tnsci-2018-0029_ref_023]\]. They demonstrated that the proline residue at position 47 is part of the hydrophobic core that stabilizes the WW fold and required to maintain the WWOX protein fully functional \[[@j_tnsci-2018-0029_ref_023]\]. An additional two nonsense mutations have been identified a W44\* and Arg54\*, which result in non-functional protein and lead to intractable seizures and early lethal microcephaly syndrome with epilepsy respectively \[[@j_tnsci-2018-0029_ref_024], [@j_tnsci-2018-0029_ref_025]\].

In this study we investigated two consanguineous Saudi families and we identified three affected children with epileptic encephalopathy. One patient had a novel homozygous mutation that has not been previously described in the *WWOX* gene.

Method {#j_tnsci-2018-0029_s_002}
======

Human Subjects {#j_tnsci-2018-0029_s_002_s_001}
--------------

We investigated three probands from two Saudi families with *WWOX* mutation. All patients underwent a comprehensive clinical evaluation by a clinical geneticist and a neurologist. Samples were taken and sent to Centogene, Germany for WES, and validation by Sanger sequencing.

Whole Exome sequencing {#j_tnsci-2018-0029_s_002_s_002}
----------------------

First, approximately 37 Mb (214,405 exons) of the Consensus Coding Sequences (CCS) were enriched from fragmented genomic DNA by \>340,000 probes designed against the human genome. Then, the sample has been processed on the NextSeq Platform (Illumina). Consequently, an end to end bioinformatics pipelines was applied. This included base calling, primary filtering of low quality reads and probable artifacts, and annotation of variants. For the medical evaluation, all disease causing variants reported in HGMD®, in ClinVar or in CentoMD® (classes 1 and 0) as well as all variants with minor allele frequency (MAF) of less than 1% in ExAc database are considered. Variants that possibly impair the protein sequence, i.e. disruption of conserved splice sites, missense, nonsense, readthroughs, or small insertions/deletions, are prioritized. All relevant inheritance patterns are considered based on the information given in the request is probed. For the inherited autosomal dominant disorders only variants/mutations of the classes 0, 1, and 2 are considered. Only variants related to the phenotype are reported.

Sanger sequencing {#j_tnsci-2018-0029_s_002_s_003}
-----------------

The findings were confirmed by PCR and sequencing of both DNA strands of the entire coding region and the highly conserved exonintron splice junctions.

Ethical statement {#j_tnsci-2018-0029_s_002_s_004}
-----------------

This study was approved by Institutional review board office at King Abdullah International Medical Research Centre (KIMARC) (Study number: RC16/113/R). Written consent was obtained from the participating patient or their parents.

Result {#j_tnsci-2018-0029_s_003}
======

Clinical Report Patient 1 {#j_tnsci-2018-0029_s_003_s_001}
-------------------------

The proband is a 1-year and 9 months old male, is a second child of 1^st^ cousin parents with no family history of the disorder born by normal spontaneous vaginal delivery with birth weight 2.7 kg (\<3^rd^ centile), Length: 49cm (\<3^rd^ centile) and head circumference (HC): 35cm (25^th^ centile). Immediately after birth, he was admitted to NICU due to transient tachypnoea of newborn (TNN), cephalhematoma and indirect hyperbilirubinemia and discharge after few weeks. At two months he started to have focal seizure with secondary generalization followed by infantile spasms. The seizure was refractory to antiepileptic medications. Subsequently the patient continued to have global developmental delay, not fixing or following and just lying in the bed not acquiring milestones. On examination at 1 year 9 months of age, his height and weight 77cm and 10 kg were below the 5th percentile. He was microcephalic HC: 45cm and showed subtle dysmorphic features, in a form of low set ears, long eyelashes, long philtrum, high arch palate, depressed nasal bridge, micrognathia, gingival hypertrophy and low hairline. The skeletal survey revealed kyphosis with short clavicles, scoliosis, fibrochondrogenesis type 2, stickler syndrome type III, and platyspondyly. The neurological examination revealed that he is not fixing, not following, not rolling over, shows no social smile, he is not sitting and not reacting. Also he shows occasional horizontal nystagmus with fisting and spasticity in both upper and lower limbs with decreased deep tendon reflexes, plantar down going, and exhibits axial hypotonia. Brain Magnetic resonance image (MRI) showed brain atrophy and increased white matter signal in cerebellar area. All of the following biochemical and genetics investigations were unremarkable including: ammonia, lactic acid, creatine Kinase (CK) level, chromosomal analysis, acylcarnitine profile, arylsulfatase A and B, hexosaminidase A and B, and urine for mucopolysaccharidosis. Comparative genomic hybridization (CGH) array did not detect any copy number variants (CNV) which could be relevant for the phenotype of the patient. Whole exome sequencing (WES) revealed novel homozygous variant in intron 4 of the *WWOX* gene, NM_016373.3: c.409+1G \> T (Ch16:78149052 G\>T). Parents and healthy sister tested and they are carrier for the same mutation.

Patient 2 {#j_tnsci-2018-0029_s_003_s_002}
---------

A 3 months old male, product of preterm (35 weeks) and normal vaginal delivery. He was admitted to neonatal intensive care unit (NICU) for respiratory distress secondary to congenital pneumonia. At age of 6 weeks, he started to have vomiting after each feeding, non-bilious, sometimes projectile, moderate to large amount, mixed with streaks of blood, for which he was admitted to the hospital for 5 days and conducted laboratory and imaging studies. The study concluded that the vomiting was due to an allergy to dairy protein. The patient was discharged on special formula, and since then he partially improved. At the age of 2 months, he started to have decreased activity, decreased interaction that progressed until he was not having any spontaneous movement, moving only when he is hungry, and having feeble cry. Then he started to have infantile spasms for few seconds, occur in clusters, 3 times/cluster each lasting for about 3 minutes, occurring once per week. Upon physical examination he was not fixing or following, not dysmorphic, has axial hypotonia, symmetrical face, spastic, peripheral hypertonia, +2 reflexes with no clonus, and no neurocutaneous stigmata. The MRI brain revealed brain atrophy, moderate corpus callosum thinning, unremarkable spectroscopy, electroencephalogram (EEG) low voltage interval with burst suppression. Whole exome sequencing revealed previously reported homozygous mutation at genomic location c.160G \> T (p.Arg54\*)\[[@j_tnsci-2018-0029_ref_024]\], which resulted in a premature termination.

Patient 3 {#j_tnsci-2018-0029_s_003_s_003}
---------

18 months old female (sister of patient 2). She is a product of full-term pregnancy and normal vaginal delivery. She was admitted to NICU for 5 days secondary to suspected sepsis. At age of 2 months she became hypoactive and the symptom progressed gradually. She started to have abnormal movements in form of tonic flexion of the upper and lower limbs lasting for few seconds, occurring in clusters 3-4 time/cluster/day and each cluster last for about 3 minutes. Frequency of the attacks increased gradually, which resulted in an attack every 30 minutes --1hour. At age of 4 months, she was having no spontaneous movements, non-reacting, and her head was fixed to the right side. She was having recurrent episodes of vomiting, non-projectile and nonbilious (8-10 times/day). Upper GI study showed swallowing incoordination, which was treated by gastrostomy tube with fundoplication. There is no history of recurrent infections and no special odor was noticed. She has an older sister which died at the age of 7 days with unknown cause, and one younger brother with a similar condition. Upon physical examination she was vitally stable, dysmorphic in form of hypertelorism, large ears, high arched palate, and hypoactive. She was conscious, non-attentive not following objects, not responding to voices, pupils 3 mm in diameter and reactive bilaterally, normal extra ocular muscle movement, normal gag reflex, symmetrical face, spastic, hypertonic, contractures of achilles tendon, knee, hand and wrist, no reflexes could be elicited with no clonus and no neurocutanious stigmata. MRI brain revealed generalized asymmetrical brain tissue volume loss and asymmetrical ventricular dilatation, thinning of corpus callosum and periventricular white matter more left side ([Figure 1](#j_tnsci-2018-0029_fig_001){ref-type="fig"}). Patient's EEG recordings showed hypsarrhythmia. WES revealed previously reported homozygous non sense mutation c.160G \> T (p.Arg54\*), which resulted in a premature termination.

![Brain MRI patient 3 at 18 months of age: (**A**) Sagittal T1 MPRAGE --weighted image shows thinning of corpus callousm (white arrow). (**B**) and (**C**) axial T2 and T1-weighted images show brain volume loss, paucity white matter (red arrows) and asymmetry enlargement of lateral ventricles (star) left more than right. Skull deformity.](tnsci-09-203-g001){#j_tnsci-2018-0029_fig_001}

Discussion {#j_tnsci-2018-0029_s_004}
==========

Mutations in the *WWOX* gene are associated with early infantile epileptic encephalopathy, which is inherited in an autosomal recessive manner \[[@j_tnsci-2018-0029_ref_022], [@j_tnsci-2018-0029_ref_024], [@j_tnsci-2018-0029_ref_025],[@j_tnsci-2018-0029_ref_026]\]. Some of the clinical features associated with *WWOX* mutation are early death, intellectual disability, seizures, pharmacoresistant epilepsy, poor or absent eye contact, spasticity, hypotonia, and hypomyelination, ataxia, psychomotor delay \[[@j_tnsci-2018-0029_ref_022], [@j_tnsci-2018-0029_ref_024], [@j_tnsci-2018-0029_ref_025], [@j_tnsci-2018-0029_ref_026], [@j_tnsci-2018-0029_ref_027], [@j_tnsci-2018-0029_ref_028]\]. In addition, MRI imaging revealed that most patients suffer from Microcephaly and brain atrophy ([Table 1](#j_tnsci-2018-0029_tab_001){ref-type="table"}). So far 10 mutations in the *WWOX* gene have been identified to be associated with epilepsy ([Table 1](#j_tnsci-2018-0029_tab_001){ref-type="table"}) \[[@j_tnsci-2018-0029_ref_022], [@j_tnsci-2018-0029_ref_023], [@j_tnsci-2018-0029_ref_024], [@j_tnsci-2018-0029_ref_025], [@j_tnsci-2018-0029_ref_026], [@j_tnsci-2018-0029_ref_029], [@j_tnsci-2018-0029_ref_030], [@j_tnsci-2018-0029_ref_031]\]. All of these mutations are homozygous and most of them are located in or near the first WW domain, suggesting that one functional copy of the *WWOX* gene is sufficient for conducting normal neuronal activity.

###### 

Comparison of clinical phenotypes in patients with WWOX mutations.

                                     current study                                                       Johannsen *et al*.                                                        Tarta-Arsene *et*                                                                                       Elsaadany *et al*.   Tabarki *et al*.                                                        Ben-Salem et                                                      Mignot *et al*. 2015^26^                                                                                                                                         Mylene valduga                   Mallaret *et al*.                         Abdel-Salam *et*                                   \%
  ---------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------- -------------------- ----------------------------------------------------------------------- ----------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------- ----------------------------------------- -------------------------------------------------- --------------------------------
  \# **of patients**                 3                                                                   2                                                                         1                                                                                                       2                    5                                                                       1                                                                 5                                                                                                                                                                2                                6                                         1                                                  28
  **Gender**                         2M, 1F                                                              2F                                                                        M                                                                                                       2F                   4F, 1M,                                                                 M                                                                 5F, 1M                                                                                                                                                           F                                4F, 2M                                    F                                                  20:8
  **Nucleotide change**              (a)c.409+1G\<T (b) c.160G\<T                                        c.689A\<C                                                                 (a)c.173-1G\<T (b)Single bp DEL c.918del                                                                C.131 G\<A           c.606-1G\<A                                                             MicroDEL removing exon 5                                          (a)131-KB DEL (b)82-KB DEL (c)157-KB DEL (d)c.1005G\<A (e) 4-BP DEL                                                                                              594-KB DEL                       (a)c.139C\< A (b)c.1114G\<C               c.160G\<T                                          
  **Amino acid change**              \(a\) Might cause intron insertion or exon skipping (b) p.Arg54\*   p.Gly230Pro                                                               \(a\) Might cause intron insertion or exon skipping (b) Creates a frameshift starting at codon Glu306   Trp44\*              Abolishes splice acceptor, which result in the loss of 62 amino acids   Frame-shit resulting in a stop codon at amino acid position 212   \(a\) Deletion encompassing exon 1-5 (b) Deletion encompassing exon 6-8 (c) Deletion encompassing exon 6 (d) Trp335\* (e) Frameshift and premature termination   Deletion encompassing exon 1-6   \(a\) p.Pro47Thr (b) p.Gly372Arg          p.Arg54\*                                          
  **Nature of the mutation**         Homozygous                                                          Homozygous                                                                Compound heterozygous for both mutations in trans configuration                                         Homozygous           Homozygous                                                              Homozygous                                                        Homozygous                                                                                                                                                       Homozygous                       Homozygous                                Homozygous                                         Recessive mutation
  **Ethnicity**                      Saudi                                                               Afghani                                                                   Romanian                                                                                                Qatari               Saudi                                                                   Emirati                                                           NA                                                                                                                                                               Turkish                          Saudi and Palestinian                     Egyptian                                           Predominantly Saudi
  **Microcephaly**                   \+                                                                  \+                                                                        \-                                                                                                      \-                   \+                                                                      \+                                                                Only 2 cases                                                                                                                                                     \+                               NA                                        \+                                                 57.1
  **Ataxia**                                                                                                                                                                                                                                                                                                                                                                            \+                                                                                                                                                                                                                                                                  \+                                                                                           25
  **Psychomotor delay**              \+                                                                  \+                                                                        \+                                                                                                      \+                   \+                                                                      \+                                                                \+                                                                                                                                                               \+                               \-                                        \+                                                 78.6
  **axial hypotonia**                \+                                                                  \+                                                                        \+                                                                                                      \+                   \+                                                                      \+                                                                \+                                                                                                                                                               \+                               \+                                        \+                                                 100
  **Spasticity**                     \+                                                                  \+                                                                        \+                                                                                                      \+                   \+                                                                      \+                                                                Only 2 cases                                                                                                                                                     \+                               \+                                        \+                                                 92.9
  **Ophthalmological involvement**   \+                                                                  \+                                                                        \+                                                                                                      \+                   NA                                                                      \+                                                                Only 3 cases                                                                                                                                                     \+                               \+                                        \+                                                 75
  **Age of onset**                   2M                                                                  2M                                                                        1M                                                                                                      7W                   2-3M                                                                    2W                                                                2-5M                                                                                                                                                             3M                               NA                                        2M                                                 Usually at 2M
  **Seizure type**                   Focal/secondary generalization/ infantile spasms                    tonic/myoclonic/infantile spasms                                          Focal/secondary generalization/ infantile spasms                                                        Myoclonic seizure    Multifocal/Infantile Spasms/LGS/ Focal/ secondary generalization        Early seizure                                                     Focal and generalized tonic clonic and myoclonic                                                                                                                 Infantile spasm                  Generalized tonic-clonic                  Focal and generalized tonic clonic and myoclonic   Predominantly Infantile Spasms
  **Response to AED**                Refractory                                                          Refractory                                                                Refractory                                                                                              Partial              Partial                                                                 NA                                                                Partial                                                                                                                                                          NA                               Yes (2/4), partial (2/4)                  Partial                                            Mostly partial
  **Brain MRI**                      Brain atrophy                                                       Brain atrophy, hypoplasia of the corpus callosum, and myelination delay   Brain atrophy, hypoplasia of the corpus callosum, and myelination delay                                 Brain atrophy        Brain atrophy                                                           Brain atrophy                                                     Brain atrophy (3 cases)                                                                                                                                          Brain atrophy                    Posterior white matter hyperintensities   Posterior white matter hyperintensities            Predominantly brain atrophy
  **Premature death**                                                                                                                                                              NA                                                                                                                           \+                                                                                                                                        Only 2 cases                                                                                                                                                     \+                                                                         \+                                                 28.6

Abbreviations: LGS: Lennox-Gastaut syndrome, M: month, W:week, NA: not available.

In the first family using WES we identified a novel homozygous variant in intron 4 of the *WWOX* gene, c.409+1G\>T in patient 1, both parents were heterozygous for the variant. This mutation might cause intron sequence to be included in the mRNA or the elimination of exon. Both scenarios can alter protein function/activity or rendering it nonfunctional. The patient presented similar clinical features such as seizure, brain atrophy, and developmental delay, which have been observed in other patients with *WWOX* mutation. However, other skeletal abnormalities, that have not been reported in *WWOX* patients, have been observed such as fibrochondrogenesis type 2, stickler syndrome type III, and platyspondyly. There are two possibilities that might explain the skeletal phenotypes. One, it is possible that some phenotypes are unique to certain *WWOX* mutations. In fact, it has been observed that some *WWOX* mutations cause stronger phenotypes than other *WWOX* mutations, such as death. The second possibility is thatthe severity of the phenotypes depends on the patient's genetics make up. Unfortunately, the number of cases with *WWOX* mutations is low, thus at this point we are not certain if some *WWOX* mutations have their own unique phenotypes.

In the second family, we identified a previously reported mutation R54\* in two siblings, which created a stop codon and resulted in premature termination. Abdel-Salam and collages were the first group to report this mutation. The main clinical phenotypes were severe syndrome of growth retardation, microcephaly, epileptic seizures, retinopathy and early death \[[@j_tnsci-2018-0029_ref_024]\].

WWOX is a cytoplasmic protein that is involved in several cellular processes, such as tumor suppression, cell growth and differentiation, protein--protein interactions, and induction of apoptosis \[[@j_tnsci-2018-0029_ref_023], [@j_tnsci-2018-0029_ref_030]\]. However, the underlying mechanism remains unknown but there is several factors support that *WWOX* play a role in epilepsy pathway. First *WWOX* is expressed in brain areas that are susceptible to seizures, such as hippocampus and cortical neurons. Second, WWOX binds to tau and regulates tau phosphorylation, which is important for cell viability and differentiation. Thus, WWOX loss-of-function may compromise some neuronal processes, which may lead to shrinkage of some areas in the brain and cause in cell death. As we mentioned earlier *WWOX* is a tumor suppressor gene; however no tumors have been observed in epileptic patients with *WWOX* mutation. This might be explained by the fact that most of these patients die early, which might not be sufficient time for the patient to develop cancer. Further, functional studies need to be conducted to elucidate the underlying mechanism of WWOX associated epilepsy.

Conclusion {#j_tnsci-2018-0029_s_005}
==========

In conclusion, we have identified two consanguineous Saudi families with one novel intronic mutation and one previously reported mutation at the WW domain. The intronic mutation is predicted to result in either exon skipping or including the intron in the protein sequence. Thus, this may lead to frame shift and alter the protein sequence or result in premature protein termination. Further functional studies are needed to understand the underlying mechanism of WWOX associated epilepsy.
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